Ultraviolet absorption and emission spectra of propylbenzene in an argon matrix are presented. The spectra are found to consist of several band series that are assigned to different trapping sites of the anti and gauche conformers of the molecule. Comparison with gas phase spectra and ab initio calculations allows the assignment of the vibronic bands of the emission spectrum. Some re-assignments of the observed vibronic bands are proposed. The relatively small number of trapping sites found for this asymmetric molecule is compatible with molecular dynamic simulations that are found to produce a small number of preferred sites.
I. INTRODUCTION
n-propylbenzene has two stable conformers in the gas phase: anti and gauche. They are separated by a small energy barrier, and co-exist at room temperature. Their laser induced fluorescence ͑LIF͒ jet spectra have been reported and partly analyzed.
1 A resonance enhanced multiphoton ionization spectrum of the origin region was reported 2 and analyzed with the help of an ab initio calculation. Recently, a microwave spectrum of the molecule was reported. 3 These previous studies were instrumental in the analysis of the spectroscopic data.
In this paper we report the matrix isolation UV and laser induced fluorescence spectra of propylbenzene (S 0 ↔S 1 transition͒ in an argon matrix. This asymmetric molecule can, in principle, occupy a large number of trapping sites in a cryogenic rare gas matrix. However, it turns out that the spectrum reveals a relatively small number of major sites, of which one is dominant in intensity, for each conformer ͑anti and gauche͒. This finding is in line with calculations based on a recently developed molecular dynamics 4 simulation 5, 6 that estimates the structure of sites most likely to be occupied. The method, which was so far applied to molecules of different sizes, but having a relatively high symmetry ͑NBr, ICN, anthracene͒, is thus extended to asymmetric molecules.
It was found that the two conformers are easily distinguished in the argon matrix. One major trapping site was observed for each conformer, as judged by the intensity of the absorption bands. A few other, less intense bands were observed; they were assigned to the respective conformers with the help of the dispersed emission spectrum.
II. EXPERIMENT
Samples were deposited on a BaF 2 window, held at the tip of an APD 202 closed cycle cryostat. Propylbenzene was premixed with argon ͑1:1000͒ in a stainless steel feed line, and deposited through a needle valve at the rate of about 3 mmole/h. Preliminary absorption spectra were measured with a xenon arc/monochromator combination, at a resolution of 8 cm
Ϫ1
. Some spectra were scanned using a dye laser ͑Lambda Physik FL3002 pumped by an excimer laser͒ at 0.4 cm Ϫ1 resolution. Emission spectra were measured with 10 cm Ϫ1 resolution using a Spex model 1702/4 0.75 m spectrometer.
III. EXPERIMENTAL RESULTS
The low resolution absorption spectrum of propylbenzene in an argon matrix is shown in Fig. 1 . The 0,0 band is the most intense one, as in the gas phase. Comparison with gas phase spectra suggests that the peaks at 37 463 and 37 425 cm Ϫ1 are due to the anti and gauche conformers, respectively ͑see Sec. V͒. Figure 2 shows the 37 300-37 700 cm Ϫ1 region at higher resolution, using absorption ͓Fig. 2͑a͔͒ and fluorescence excitation ͓Fig. 2͑b͔͒. It is seen that the LIF excitation spectrum provides better spectral resolution, and that individual relatively sharp peaks can be discerned. Their width is temperature dependent and was found to be about 8.5 cm Ϫ1 at 13 K, while at 25 K it is 12.5 cm Ϫ1 . Excitation into the two most intense bands ͑at 37 463 and 37 425 cm Ϫ1 ͒ led to the emission spectra shown in Fig.  3 . Many bands in these spectra have very similar frequencies and intensities, but the spectra are seen to be distinctly different. ͑Some of the bands are labeled for comparison with theoretical calculations.͒ The observed frequencies ͑elec-tronic ground state frequencies of the anti and gauche conformers͒ are compared with literature data-gas phase LIF, IR, and Raman, in Table I. Inspection of Table I shows reasonably good agreement with literature frequencies; furthermore, the relative intensities of the matrix fluorescence spectrum of the anti conformer are also in good agreement with the jet data of Ref. Franck-Condon factors͒. This similarity was an aid in the assignment of the matrix data. Inspection of Figs. 1 and 2 shows that, in addition to the major peak in the origin region, several lower intensity ones were observed. Tuning the laser frequency to these peaks, emission spectra were obtained, some of which are shown in Fig. 4 . An aid in assigning the emission spectra to a given conformer is provided by the relative intensities of the vibronic peaks, which are distinctly different for bands of the same frequency of the two conformers. It is seen that the spectra excited at 37 480 and 37 521 cm Ϫ1 ͑A1 and A2, in Fig. 2 , respectively͒ are very similar to that obtained at the main site ͑37 463 cm Ϫ1 ͒ apart from a constant frequency shift. They are thus assigned to other trapping sites of the anti conformer. The spectra obtained upon excitation at 37 446 and 37 507 cm Ϫ1 are very similar to that obtained at 37 425 cm Ϫ1 , and are therefore assigned to the gauche conformer ͑G1 and G2, in Fig. 2 , respectively͒.
Excitation of some other peaks in the 0,0 bands region, such as 37 533 and 37 581 cm Ϫ1 , led to spectra that could not be assigned to either conformer.
Attempts to obtain a better resolved excitation spectrum were made by tuning the emission monochromator to a region where only a single conformer was emitting, and narrowing the slits of the monochromator. Figure 5͑a͒ shows the results for the anti conformer, observed at 2758.18 Å (a 11 in Fig. 3͒ . It is seen that a nicely isolated single band is observed in the 0,0 region, and another one at an excess energy of 232 cm Ϫ1 . Both peaks are observed although less clearly in Fig. 2͑b͒ . Under these conditions, the width of the excitation bond was reduced to 4.5 cm
Ϫ1
. A similar experiment made with the gauche conformer in which the monochromator was tuned to 2707.64 Å (g 2 in Fig. 3͒ , is reported in Table II , the decrease is more pronounced in the matrix than in the gas phase. Beyond about 1500 cm Ϫ1 excess energy, the absorption spectrum becomes too diffuse to allow clear identification of vibronic transitions.
IV. COMPARISON OF MATRIX AND GAS PHASE SPECTRA
The vibrational assignment was aided by previous jet work 1 and ab initio calculations. The observed absorption spectrum is more complex than the gas phase one due to the broadening of bands and site splitting; 9 yet a 1:1 correspondence between vibronic band frequencies can be recognized. The relative intensities of vibronic bands are also similar. The most intense vibronic bands in both environments is the 0,0 band. In the jet, only two bands appear in that region, one each for the gauche and anti conformers. In the argon matrix, absorption is observed over a range of about 200 cm Ϫ1 , extended on both sides of two most intense narrow bands. The likely assignment of these two bands is that they represent two major trapping sites, one for each conformer. The resolution of the absorption and LIF spectra is a function of the temperature and the spectral resolution. Under the conditions presented in Fig. 5 the width of a single vibronic band was reduced to 4.5 cm Ϫ1 . This resolution is sufficient to resolve the main bands, and determine the matrix shift with respect to the gas phase. It is found that the shift is 120 and 109 cm Ϫ1 for the anti and gauche conformers, respectively. This moderate shift is expected for a forbidden transition ( f ϳ0.005). The shift between the gauche and anti 0,0 bands, which is 49 cm Ϫ1 in the gas phase, narrows to 38 cm Ϫ1 in the argon matrix. 0  138  12  140  6  290  7  280  10  280  32  366  6  357  7  355  11  360  7  320  54  405  8  490  10  490  30  490  38  560  26  560  18  572  21  587  45  591  35  580  19  590  21  627  75  626  75  624  75  615  75  695  98  749  55  754  12  750  8  745  87  745  84  805  51  822  39  819  81  819  54  820  18  815  74  862  18  860  24  890  13  895  31  910  17  998  8  1005  68  1006  82  1013  50  1010  24  1005  29  1029  38  1033  42  1039  8  1050  18  1040  5  1096  16  1113  6  1090  34  1090  39  1150  44  1180  39  1209  27  1207  37  1217  10  1200  103  1255  24  1291  13  1280  26  1369  11  1345  21  1340  28  1397  11  1403  20  1372  13  1380  34  1449  10  1440  20  1444  22  1450  74  1450  45  1497  16  1495  70  1575  23  1597  25  1585  15  1580  45  1605  40  1605  91  1640  44  1636  60  1637  52  1692  21  1757  31  1780  17  1833  28  1830  52  1872  18  1932  13  1928  19  1954  13  2014  22 The remaining structures in the 37 400-37 600 cm Ϫ1 region may be due to other trapping sites, to phonon broadening, to some low lying vibronic bands or to a combination of these factors. As mentioned in Sec. III, similar emission spectra were obtained for different peaks in the 37 400-37 600 cm Ϫ1 region. This observation is compatible with the assignment of the minor peaks to other trapping sites of the two conformers. In some cases, the spectrum could not be assigned to either conformers alone; this could be due to chance overlap of absorption bands due to an anti and a gauche conformer. Single, narrow, excitation bands could be obtained in the matrix by LIF, provided the emission bandwidth was low enough ͑Fig. 5͒. This indicates that the broad background observed in the 0,0 region may be due to spectral congestion.
The intensities of the two 0,0 bands are almost equal in the gas phase, reflecting the essentially equal populations of the two conformers. This equality was confirmed by the recent microwave study. 3 In the matrix ͑Fig. 1͒, the intensity of the main band appears to be 20%-30% higher for the anticonformer. This may be interpreted by a different distribution among sites: either there are more trapping sites for the gauche conformer, or that the stability of different gauche sites is such that they are more equally populated than the anti ones. We have compared the relative intensities observed in the experiments with molecular dynamics simulation. 4 The procedure was described in previous publications, 5, 6 and the detailed results will be discussed in a separate communication. In the simulation, two of the anticonformer trapping sites accounted for over 50% of all sites. Others were each less than 10%. For the gauche conformer, the simulation found three major sites. We compare the observed relative population of the most populated sites with the calculated ones in Table III .
V. ASSIGNMENT OF THE EMISSION SPECTRA
Hopkins et al. 1 assigned the most intense bands appearing in emission to ring bands, based on the assignment of benzenemodes. 10, 11 This assignment is supported by the fact that the frequencies and relative intensities of some bands are very similar for a series of mono-substituted benzenes: toluene, ethylbenzene, n-propylbenzene, n-butylbenzene, and n-pentylbenzene. An inspection of the spectra excited at the main trapping site ͑Fig. 3͒ reveals, however, that although many of the vibrational bands of the two conformers have similar frequencies, some bands are characteristic for one of the conformers, with no counterpart in the other. Examples are the bands at 490, 862, 1397, and 1497 cm Ϫ1 for the gauche conformer, and 138, 290, 1096, and 1291 cm Ϫ1 for the anti.
These results prompted us to compare the experimental results with an ab initio calculation of the frequencies, carried out using both HF and DFT/B3LYP methods with a 6-31G basis set. The GAUSSIAN94 program package was used. 12 The vibrational frequencies were calculated at the harmonic approximation, using the Hessian matrix; For comparison with experiment they were scaled by a factor of 0.9 ͑HF͒, 13 and 0.97 ͑DFT͒. The results of this analysis are reported in Table IV . In making the assignments, the following factors were considered: agreement of the calculated ͑scaled͒ frequencies with experiment; the fit is usually good to better than 30 cm Ϫ1 at these levels of theory. The similarity of the vector displacement of the vibrations of the two conformers with those of benzene. In cases where several frequencies were in the acceptable energy range, Raman intensities were taken as an indicator-frequencies appearing in LIF are usually also Raman active. 8 It was found that the calculation confirms the assignment of Hopkins et al. for some intense bands ͑6a, 6b, 12, and 9a͒, but in some cases, a re-assignment is offered. The weak low frequency bands ͑up to ⌬Eϭ490 cm Ϫ1 ), specific to a given conformer are mainly due to ''tail'' motion. Some examples of the assignments are discussed using the vector displacements shown in Figs. 6-8. Figure 6 shows the vector displacement calculated for the mode at 822 ͑gauche͒ and 819 ͑anti͒ cm Ϫ1 . It was assigned by Hopkins et al. to a modified form of the symmetric CC ring stretch of benzene ( 1 in Wilson's numbering, which is used throughout͒, also shown in the figure. As discussed in Ref. 1͑a͒, it arises from a combination of the benzene 1 and 12 modes. As seen from Fig. 6 , the calculated mode involves CC ring stretch, but its form is quite different from the ideal symmetric stretch. We therefore propose a different assignment in Table IV . The observed bands at 1005 ͑gauche͒ and 1006 ͑anti͒ cm Ϫ1 are assigned to a combination of the 1 and 12 modes of benzene. The vibrations shown in Fig. 7 were calculated to have a high Raman cross section, and are likely to show strongly in the emission spectrum. Some high frequency bands were assigned by Ref. The relatively strong 1640 ͑g͒ and 1636 ͑a͒ cm Ϫ1 bands are assigned to a fundamental, analog to the 8a CC stretch mode of benzene ͑Fig. 8͒, rather than a 6b ϩ 12 combination, as proposed by Ref. 1. This fundamental mode is analogous to the 8a mode in benzene, which is a degenerate one (e 2g symmetry͒. The assignment is based on the fact that the mode is strongly Raman allowed in benzene, 8 and on its rather strong intensity. In addition, the calculated vector displacement ͑Fig. 8͒ is very similar to that of the benzene 8a mode. The nearby weaker band at 1575 ͑g͒ and 1597 ͑a͒ is assigned to a 6b ϩ 1 combination, in analogy with the case of benzene, where this combination is strongly Raman allowed.
14 Observation of the 8b is also possible, as the degeneracy is expected to be lifted in propylbenzene. This possibility is supported by the fact that the splitting is larger in the less symmetric gauche conformer, a trend also observed for the 6 mode ͑cf. Table IV͒ . However, the bands at 1033 ͑a͒ and at 1207 ͑a͒, assigned to benzenelike modes 18 and 9 (e 1u and e 2g symmetries, respectively͒, do not appear to be split.
VI. DISCUSSION
The main conclusion of this study is that matrix isolation spectroscopy of n-propylbenzene in argon indicates the preferred population of distinct trapping sites. The relatively low symmetry of the two conformers does not perturb the basic structure of solid argon to the extent that the spectrum becomes broad and structure less. We plan to study the photochemistry of propylbenzene in the matrix, in order to probe site effects. 9 Molecular dynamics simulations will be used to compare the experimental data with calculated forms of the trapping sites. Different trapping sites are distinguished by different shifts of the matrix-trapped molecule from the gas phase one. The differences measured in this work are small-about 0.3%. In anthracene, the S 0 →S 1 transition was shifted by about 3%; 15 these data are compatible with the order of magnitude increase of the oscillator strength of the anthracene transition compared to that of propylbenzene. Table IV compares the ground state vibrational frequencies of the anti conformer in the gas and matrix environment ͑jet data for the gauche conformer are not available͒. The matrix shift turns out to be remarkably small; in most cases the vibrational frequencies are the same within 0.3%. It may be noted that the strongly infrared allowed modes are in general not observed in the spectrum; the shift is expected to increase in proportion to the electric transition dipole moment. The most striking example deviating from this trend is the a10 band that appears at 1096 cm Ϫ1 in the matrix, while clear difference is observed for the relative intensities. In both phases, the 0,0 bands are the most intense ones; the vibronic bands at higher energies are weaker. However, in the gas phase the intensity of the 530 cm Ϫ1 band is about 80% of the 0,0 band, while in the matrix it is 50% ͑Table II͒. Likewise, the 930 cm Ϫ1 band is 60% as intense as the origin band in the gas phase, and only 30% in the matrix. The more pronounced intensity decrease in the matrix may be due to an increasing efficiency of radiationless processes induced by the matrix. Since the decrease is observed in the absorption spectrum and not only in the fluorescence excitation spectrum, it may be due to phonon assisted line broadening, which relaxes the vibrational energy without necessarily quenching the fluorescence. It is difficult to observe this effect directly by monitoring the width of the lines, due to the spectral congestion. However, this mechanism is compatible with the observed band broadening observed at 25 K compared to 13 K ͑cf. Sec. III͒.
VII. SUMMARY
The matrix isolation study shows that specific trapping sites may be distinguished in solid argon for a relatively large, asymmetric molecule. This means that at the guest/ host ratio used ͑1:1000͒, the argon lattice largely maintains its structure. The two stable conformers are easily distinguished in the UV absorption and laser induced fluorescence spectra. The latter can be employed to register the spectrum of a single trapping site. The vibrational frequencies are found to agree reasonably with ab initio calculations, which suggest some changes in assignment previously offered for the fluorescence spectra.
